Prosopis alba (algarrobo) is one of the most important salt-tolerant legumes used in the food and furniture industries. The effects of salinity on some growth and physiological parameters in algarrrobo seedlings were investigated. 17-Day-old seedlings were subjected to three salt treatments by adding NaCl to the growth medium in 50 mmol.L -1 increments every 24 h until the final concentrations of 0, 300 and 600 mmol.L -1 were reached. Only the highest NaCl concentration affected all of the considered parameters. Thus, 600 mmol.L -1 NaCl caused a significant reduction in root and shoot growth, but an increase in the root/shoot ratio. Leaf relative water content, nitrate content and nitrate reductase activity in leaves and roots were also decreased. At 300 and 600 mmol.L -1 , the glycinebetaine content was significantly increased in both leaves and roots but this was not found for proline content. Total soluble carbohydrates increased only in roots. The results suggest that glycinebetaine enhancement may be important for osmotic adjustment in Prosopis alba under salinity stress.
INTRODUCTION
Soil salinity, resulting from natural processes or from crop irrigation with saline water, occurs in many arid to semi-arid regions of the world (Lauchli and Epstein, 1990) . According to Tanji (1990) , 20% of cultivated land worldwide is adversely affected by high salt concentration, which inhibits plant growth and yield. In warm and dry areas salt concentration increases in the upper soil layer due to high water losses which exceed precipitation (Ebert et al., 2002) . Overcoming salt stress is a main issue in these regions to ensure agricultural sustainability and crop production. D.A. MELONI et al. Algarrrobo (Prosopis alba) is a native legume from the semiarid regions of north-western Argentina. Locally it is called "the tree", because of its widespread occurrence and importance in providing nutritious pods suitable for human food and wood for the furniture industry (Felker et al., 2001) . Compared with other forest species, algarrrobo is ranked as a very salt tolerant tree because it can grow at approximately seawater salinities (Rhodes and Felker, 1987; Velarde et al., 2003) .
For overcoming salt stress, plants have evolved complex mechanisms that contribute to the adaptation to osmotic and ionic stress caused by high salinity. These mechanisms include osmotic adjustment that is usually accomplished by uptake of inorganic ions as well as the accumulation of compatible solutes (osmoprotectants). Inorganic ions are sequestered in the vacuoles (Binzel et al., 1988) , while organic solutes are compartmentalized in the cytoplasm to balance the low osmotic potential in the vacuole (Rontein et al., 2002) .
Osmoprotectants are small, electrically neutral molecules that are nontoxic at molar concentrations and stabilize proteins and membranes against the denaturating effect of high concentrations of salts and other harmful solutes (Munns, 2002) . Moreover, natural osmoprotectant concentrations in cytoplasmic compartments are osmotically significant because they have pivotal roles in maintaining cell turgor and the driving gradient for water uptake under stress (Balibrea et al., 2000; Naidoo and Naidoo, 2001; Rontein et al., 2002) . In plants, the major compatible osmoprotectant solutes are glycinebetaine, proline and polyols (Rontein et al., 2002) . The osmoprotectant levels are typically highest during exposure to osmotic stress since accumulation is usually to some extent stress-induced (Bohnert et al., 1995) . The contributory role of glycinebetaine to osmotic adjustment under salt stress was confirmed by several investigations (Khan et al., 1998; Yeo, 1998) , but the significance of proline accumulation in osmotic adjustment is still debated and varies according to the species (Lutts et al., 1996 , Meloni et al., 2001 Rhodes and Hanson, 1993) .
Several biochemical processes are affected by salinity, particularly nitrate assimilation. Nitrate is the most significant source of nitrogen for crop plants, and frequently limits plant growth. It has been reported that nitrate uptake in several higher plants is mediated by different transport systems. A high affinity saturable system operates at low NO 3 -concentrations, whereas a low affinity linear system operates at high NO 3 -concentrations (Cerezo et al., 1997) . Nitrate reductase (NR, EC 1.6.6.1.) catalyzes the first step of nitrate assimilation in higher plants and algae, which appears to be a rate limiting process in the acquisition of nitrogen in most cases (Flores et al., 2002) . Although the processes that involve nitrogen uptake and assimilation are well known, the information regarding the effects of salinity on them is limited and controversial (Viégas et al., 1999) . Several studies have reported that nitrate uptake and nitrate reductase activity (NRA) decrease in plants under salt stress (Rao and Gnaham, 1990; Gouia et al., 1994) . Other studies have reported NRA stimulation (Misra and Dwiverdi, 1990; Sagi et al., 1997) .
The objective of this work was to evaluate the effects of high NaCl concentrations on algarrrobo seedlings to provide information on the significance of proline and glycinebetaine accumulation in response to salt stress and to determine the effects of salinity on growth and nitrate reduction.
MATERIALS AND METHODS
Plant material and growth condition: Seeds of algarrobo (Prosopis alba) were kindly provided by the Laboratory of Seed Analysis, National University of Santiago del Estero, Santiago del Estero, Argentina. Seeds were scarified to overcome hard seed coat dormancy by removing a small portion of the coat at the cotyledon end with nail clippers. Seeds were germinated on filter paper towels soaked with demineralized water. Six 7-day-old seedlings were transferred to 5 L growth containers filled with half-strength Hoagland solution (Hoagland and Arnon, 1950) . Seedlings were grown in these conditions for 6 d before the initiation of NaCl treatments. NaCl was added to the growth medium in 50 mmol.L -1 increments every 24 h, until the final concentrations of 0, 300 and 600 mmol.L -1 were reached. Seedlings were illuminated continuously with fluorescent grolux lamps (100 µmol.m -2 .s -1 ) in a growth room at 25 ± 2ºC. The pH was maintained at 6.5 by adding solutions of H 2 SO 4 or KOH. After 30 d of salt treatment, the plants were harvested, measured and analyzed.
Growth measurement: Plant growth was estimated by measuring accumulation of root and shoot dry weight (after drying the plant material at 70ºC for 48-72 h).
Leaf relative water content:
The leaf relative water content (RWC) was calculated according to Beadle et al. (1993) using the equation: RWC (%)= [(FW -DW)/ (TW -DW)] 100, where FW is fresh weight, DW is dry weight, and TW is turgid weight.
Betaine, proline and total soluble carbohydrates contents:
Betaine was extracted by stirring finely ground-dried samples with demineralized water at 100ºC for one hour. Betaine content was determined spectrophotometrically after reaction with KI-I 2 at 365 nm (Grieve and Grattan, 1983) . Proline was also determined spectrophotometrically following the ninhydrin method described by Bates et al., (1973) using Lproline as a standard. Approximately 300 mg of dry tissue was homogenized in 10 mL of 3% (w/v) aqueous sulphosalicylic acid and filtered. To 2 mL of the filtrate, 2 mL of acid ninhydrin was added, followed by the addition of 2 mL of glacial acetic acid and boiling for 60 min. The mixture was extracted with toluene, and the free proline was quantified spectrophotometrically at 520 nm from the organic phase using a Shimadzu spectrophotometer (Duisburg, Germany). Total soluble carbohydrates (TSC) concentration was determined according to Ciha and Brun (1978) with some modifications. Samples of 100 mg were homogenized with 10 mL of extracting solution (glacial acetic acid: methanol: water, 1:4:5, v/v/v). The homogenate was centrifuged for 10 min at 3,000 rpm and the supernatant was decanted. The residue was resuspended in 10 mL of extracting solution and centrifuged another 5 min at 3,000 rpm. The supernatant was decanted, combined with the original extract and made up to 50 mL with water. For measurement of TSC, a phenol-sulfuric acid assay was used (Dubois et al., 1956) . A volume of 0.5 mL of 5% (v/v) phenol solution and 2.5 mL of concentrated sulfuric acid were added to 0.5 mL aliquots. The mixture was shaken, heated in a boiling water-bath for 20 min and cooled to room temperature. The absorption was then determined by spectrophotometry (Shimadzu spectrophotometer, Duisburg, Germany) at 490 nm.
Nitrate concentration and in vivo nitrate reductase activity assay: For nitrate determinations, roots and leaves were dried at 70ºC in an air-forced oven 48 h, and ground to pass 40 mesh. Nitrate was determined by the method of Cataldo et al. (1975) . Nitrate Redutase activity (NRA) was determined using the method described by Klepper et al. (1971) with some modifications. Approximately 100 mg of 5 mm diameter leaf discs or 300 mg of root segments 5 mm in length were vacuum infiltrated in 2 mL of incubation solution containing 0.1 mmol.L -1 potassium phosphate buffer pH 7.5, 0.05 mol.L -1 KNO 3 and 1% v/v isopropanol. The incubation was conducted for 1h at 30ºC in the dark. To estimate the amount of nitrite formed, 1 mL each of 1% sulfanilamide in 1 mmol.L -1 HCl and 0.02% naphthylethylene diamine dihydrochloride were added and the test tubes vortexed. Absorbance of this resulting solution was recorded at 540 nm with a Shimadzu UV-VIS spectrophotometer (Shimadzu, Duisburg, Germany). Protein content was determined according to Bradford (1976) 
RESULTS AND DISCUSSION
Salinity caused a significant (p < 0.05) reduction on root and shoot dry biomass only at the higher NaCl concentration (Table 1) . Increase in salinity from 0 to 300 mmol.L -1 NaCl had no effect on plant biomass, while the further increase to 600 mmol.L -1 NaCl significantly decreased shoot and root biomass by 65% and 37% respectively. The proportion of dry weight allocated to roots increased with increasing NaCl levels, as shown by the responses of root/shoot ratio (table 1) . Previous studies carried out with cotton (Meloni et al., 2001) , as well as in soybean and alfalfa (Berstein and Ogata, 1966; Kant et al., 1994 ) also showed that shoot growth was more inhibited by NaCl than root growth. Thus, increased root/ shoot ratio appears to be an adaptation to salinity, resulting in a more efficient water and nutrient uptake under saline stress (Gorham et al., 1985) . Little work has been done on root physiology with regard to either salt or water stress (Munns, 2002) . Roots would appear to be the most vulnerable part of the plant as they are directly exposed to salt or to drying soil, but nevertheless they are surprisingly robust. Our data show that root growth of algarrrobo plants, submitted to high NaCl concentrations, was not affected as much as shoot growth (table 1). According to Hsiao and Xu (2000) , root growth, in contrast to leaf growth, recovers remarkably well from the addition of salt or other osmotica. In addition, visible senescence and necrosis symptoms were found on the basal, oldest leaf of young algarrrobo plants after 12 d of the 600 mmol.L -1 NaCl treatment (data not shown). These symptoms could be a result of excess Na + and Cl -ions, which are known to induce chlorosis in Acacia nilotica subspecies (Nabil and Coudert, 1995) . If excessive amounts of salt enter the plant they will eventually rise to toxic levels in the older transpiring leaves, causing premature senescence (Munns, 2002) . NaCl (mmol.L -1 ) Relative Water Content (%) Figure 1 . Effects of NaCl treatments on the relative water content in algarrobo seedlings. Bars followed by the same letter does not differ statistically at p < 0.05 (Tukey's Test). Averages of three determinations are presented with bars indicating SE.
At 300 mmol.L -1 NaCl seedlings were able to adjust osmotically, leading to a maintenance of relative water content (RWC), although at 600 mmol.L -1 NaCl, RWC was 11% lower than in the unsalinized control (figure 1).
The osmotic adjustment would be accomplished by the accumulation of organic solutes. Among the organic solutes investigated, glycinebetaine (GB) showed the highest absolute accumulation in response to salinity. In this regard, at 300 mmol.L -1 NaCl the GB content increased 5-fold and 6.8-fold in roots and leaves, respectively, as compared with the control ( figure 2A ). Increase in salinity from 300 to 600 mmol.L -1 NaCl had no effect on the GB concentrations of roots or leaves. Accumulation of GB represents a major biochemical adaptation in several bacteria, plants and animals (Rhodes and Hanson, 1993) . It has been demonstrated that the biosynthesis of GB is stress-inducible (Sakamoto and Murata, 2002) and that the level of accumulated GB is correlated with Figure 2 . Effects of NaCl treatments on betaine (A), proline (B) and total soluble carbohydrates, TSC (C) concentrations in roots and leaves of algarrobo seedlings. Bars followed by the same letter for root or leaves does not differ statistically at p < 0.05 (Tukey's Test). Averages of three determinations are presented with bars indicating SE.
the degree of salt tolerance (see for example Saneoka et al., 1995) . Moreover, an exogenous supply of GB also increases the salt tolerance of some plants that are otherwise unable to accumulate GB (Hayashi et al., 1998) . The responses of transgenic plants to stress demonstrated that genetic engineering of the synthesis of GB increased the ability of plants to tolerate a variety of environmental stresses, such as salt and extremes of temperature (Sakamoto and Murata, 2002) . Although GB is accumulated in transgenic plants at low levels only, the extent of protection against a given stress is correlated with the level of accumulated GB (Sakamoto and Murata, 2001 ). In addition to its role as osmoprotectant, GB has been reported to protect the oxygen-evolving the PSII complex, stabilize the structure of extrinsic proteins of PSII complex, and ATP synthesis as well as protect cell membranes and activation of enzymes in onion and rice (Mansour, 1998; Rahman et al., 2002) . Proline accumulation was not significantly affected by salinity ( figure 2B ). Contrary to its generally accepted role in many other species, proline does not seem to play an important role in the mechanism of salt tolerance in algarrrobo. The significance of proline accumulation in osmotic adjustment is still debated and varies according to the species. Ashraf (1989) , Lutts et al. (1996 ), Feitosa de Lacerda et al. (2001 and Meloni et al. (2001) reported that proline is not involved in the osmotic adjustment of black gram, sorghum, rice and cotton cultivars, respectively. Recently, Heuer (2003) reported that proline was not able to counteract salt stress effects in salt-sensitive tomato plants.
Root total soluble carbohydrates (TSC) concentration increased sharply in relation to the stress intensity. With the increase in salinity to 300 and 600 mmol.L -1 NaCl, root TSC significantly increased by 230% and 309% respectively, compared with control ( figure 2C ). TSC concentrations in leaves were unaffected by salinity. Moreover, the salt stressed seedlings accumulated more total soluble carbohydrates in the roots than in the leaves, thus showing a change in behavior of shoot/root carbon partitioning. This probably reflects the maintenance or even induction of root elongation at low water potentials, which can be considered as an adaptive response to drought and salinity (Balibrea et al., 2000) .
The nitrate concentration in roots and leaves was not influenced by 300 mmol.L -1 NaCl. At 600 mmol.L -1 NaCl, nitrate concentration in leaves was reduced by about 69% compared with the control. This salt effect was more drastic in the roots, which diminished by 78%. ( figure 3A ). Salinity interferes with N acquisition and utilization. Saline conditions can influence the different steps of N metabolism, such as uptake, reduct ion and protein synthesis, that may be responsible, at least in part, for the observed reduction in plant growth rate (Frechill et al., 2001) . Salinity affects nitrate uptake at two levels: by direct competition of chloride with nitrate and at the membrane level and/or the membrane proteins by changing plasmalemma integrity (Cramer et al., 1985) .
In vivo nitrate NRA was considerably greater in leaves than in roots. As for nitrate concentration, NRA did not change with the 300 mmol.L -1 NaCl treatment ( figure 3B ). The addition of 600 mmol.L -1 NaCl induced a substantial decline in NRA by about 64% in roots and 52% in leaves. On the other hand, a positive correlation was found between NRA and nitrate concentrations in leaves and roots (figures 4A and B) . In this sense, cytosolic nitrate seems to protect the NR enzyme against the action of proteases and/or inhibitors besides triggering the de novo synthesis of NR protein by induction of NR gene expression (Campbell, 1999) . Even so, under conditions of restricted nitrate flux induced by salt stress or water deficit, NRA could be lowered initially due to enzyme degradation/inactivation and the reduction in gene expression and NR protein synthesis (Ferrario et al., 1998) . These changes in nitrate reduction were paralleled by those expressed by plant growth.
In agreement with observations of Silveira et al. (2001) for cowpea, algarrrobo plants subjected to NaCl stress presented a possible homeostasis between nitrate assimilation and plant growth. Even though the plants showed lower growth rates, they were compatible with the general processes of nitrate reduction. A similar coordinate balance between C and N assimilation was proposed for maize plants subjected to drought stress .
In conclusion, algarrrobo seedlings can tolerate high salinity (up to 300 mmol.L -1 NaCl) in the root system, and probably adjust osmotically, through GB and soluble carbohydrate accumulation. At 600 mmol.L -1 NaCl, a significant reduction in root and shoot growth occurred, but an increase in root/shoot ratio was observed. Leaf relative water content, nitrate content and nitrate reductase activity in leaves and roots were also decreased. The NRA decrease was largely dependent on nitrate concentration. Algarrrobo is a very interesting forest species, which can be used as a model to further the understanding of tree physiological responses to salinity.
